Temperature Effects on Distribution of 14C Photosynthetic Assimilates and Light Stimulation of Cold Hardiness in \u27Valencia\u27 Orange Seedlings by Guy, Charles
University of Central Florida 
STARS 
Retrospective Theses and Dissertations 
1977 
Temperature Effects on Distribution of 14C Photosynthetic 
Assimilates and Light Stimulation of Cold Hardiness in 'Valencia' 
Orange Seedlings 
Charles Guy 
University of Central Florida 
 Part of the Biology Commons 
Find similar works at: https://stars.library.ucf.edu/rtd 
University of Central Florida Libraries http://library.ucf.edu 
This Masters Thesis (Open Access) is brought to you for free and open access by STARS. It has been accepted for 
inclusion in Retrospective Theses and Dissertations by an authorized administrator of STARS. For more information, 
please contact STARS@ucf.edu. 
STARS Citation 
Guy, Charles, "Temperature Effects on Distribution of 14C Photosynthetic Assimilates and Light 




TE~@ERATURE EFFECTS 0 DISTRIBUTIO OF 14c 
PHOTOSYNTHETIC ASSIMILATES AND LIGHT STIMULATIOi 
OF COLD HARDINESS I 
' VALE CI ' ORANGE SEEDLI GS 
BY 
C RLES GUY 
B. . University of South Florida, 1973 
THESIS 
Submitted in partial fulfillment of the requirements 
for the Degree of Master of Science 
in Biological Science in the Graduate Studies Program 





ACKNO vLEDGME TS 
The author expresses his sincere thanks and appre -
ciation to Dr . Haven Sweet for his advice and t i me 
spent helping improve this work , and to Dr . George Yel-
enosky for providing laboratory and-controlled environ-
ment space and his valuable time during the course of 
t i ork . 
Special thanks go to Dr . ichael Bausher , for his 
help in label counting. Appreciation is extended to Dr . 
Roger Yo ng for allowing me to conduct this work at the 
U D orticultural Research Laboratory, to Dr . Gordon 
Gri for help with growing experi ental trees, and to 
Randy Smith for help ith photography . 
The author wishes to extend his greatest apprecla-
tion and love to his wife, Cathy, for her patience , help 
and sacrifice during this endeavor . 
TABLE OF CO TEN TS 




Table of Contents .......... I I. I ... I................ iv 
List of Tables ..... I ••••••••••••••••••••••••••••••• Vll 
List of Figtlres ........•.... I I ••• I •••••••••••••••• , Vl ll 
Introduction ... ,, ..................... I ••••• I • • • • • • • l 
Literature Revie I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 3 
Terminology I • I •••• I ••• I ••••• I •••••••• I • • • • • • • • 3 
Fro s t Hard in e s s . . . . . . . I • • • • • • • • • • • • • • • • • • 3 
Cold Hardiness .......................... · 3 
Chilling Hardiness .......... I • I ••••• I • • • • 3 
Frost Hardening , Cold Hardening , 
and Cold Acclimation ...........•. . . . . 4 
Ice Formation ........ I........................ 4 
Theories ...... I ••• I ••••••••••••• I •• I •••••• I I.. 5 
Environmental Factors .. I ••••••••••• I • • • • • • • • • • 7 
Plant Responses to Low Tempe ratures........... 8 
Nuc leic Ac ids . . . . . . • . . . . . ... . . . . . . . . . . . . . 8 
Pro te i ns .............. I • • • • • • • • • • • • • • • • • • 9 
Ami n o Ac i d s ...................... I •••• I I • 11 
Lipids ................... I • • • • • • • • • • • • • • • 12 
v 
Plant Responses t o Low Temper atur es and Light ... 14 
Photoperiodic .. 
Photosynthetic. 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . 
14 
16 
Sugars ..................................... 18 
Starches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Materials and Methods . . . . •· . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Plants ............... · .. I I I t I t I t I I t t I t I I t t I I I I I I 
. . . . . . . . . . . . . . . . Controlled Environment Chambers . 
Frost Hardiness Determination . I I I t I I I t I I I I I I I I I I 
Photosynthesis Inhibition .. . . . . . . . . . . . . . . . . . . . . . 
Carbohydrate Analysis . t t t I t t t t I t I t I t t I t I t I I 
Radiotracer Methodology ......... . . . . . . . . . . . . . . . . 
Isotope Containment Chamber . . . . . . . . . . . . . . . . 
La be 1 ing ......... . . . . . . . . . . . . . . . . . . . . . . . . . . 
Sampling Schedule . . . . . . . . . . . . . . . . . . . . . . . . . . 
E traction ....... . . . . . . . . . . . . . . . . . . . . . . . . . . 
Ethanol Soluble Compounds . . . . . . . . . . . . . . . . . . 
Ethanol Insoluble Residue ... . . . . . . . . . . . . . . . 
Radioactivity Determination ...... . 
Autoradiography .................. . . . . . . . . . . 
Results ............................. . . . . . . . . . . . . . . . . . 
Temper ature and Light Responses ................ . 
Sugar Analysis ............................ . 
14c Metabolic Distribu tion .............. ·· ..... . 






















Au to radiography .................... . . . . . . 
Discussion ..... I ••••••••••• I ••• I •••••••••••••••• I I I I I 
Temperature and Light Responses . I •••••••• I •••••• 
14c Metabolic Distribution .. ~· ................. . 







summary I I t I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I t I I t I I I I 6 3 
Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64 
Literature Cited .... I • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 68 
List of Tables 
1. Effect of freezing at -6.7 C on Orange seed-
lings -conditioned at different temperatures 
vii 
Page 
f 0 r 2 8 days I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I J 5 
2 . Effect of freezing at -5.0 C on Orange seed-
lings conditioned at different temperatures 
and light treatments for 7 days............... 36 
3 ~ Effect of freezing at - 6.7 C on Orange seed-
lings conditioned at 10 C with or without 
light I I a. I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I J 8 
4. Effect of light on soluble sugar concentra-
tion in Orange seedlings exposed to 10 C ... I.. 40 
5. Distribution of l4c activity in Orange seed-
ling tissues at 25 and 10 C expressed as per-
cent of the total plant radioactivity......... 48 
viii 
List of Figures 
Page 
1. Isotope containment cha.mber used for labeling 
0 range s e e d 1 in g s , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 6 
2. Flow diagram for the sequential extraction and 
separation of major chemical fractions........ 29 
3· Effect of freezing at -6.7 C on Orange seedlings 
grown in the glasshouse or conditioned at 10 c. 
for 28 days with or without light ............. 39 
4. Distribution of 14c activity in the major meta-
bolic fractions of Orange seedling leaves con-
ditioned at 25 or 10 C .................. I • • • • • 42 
5. Distribution of 14c activity in the major meta-
bolic fractions of Orange seedling stems condi-
tioned at 25 or 10 C ..... I •• I •••••••••••• I • • • • 43 
6. Distribution of 14c activity in the major meta-
bolic fractions of Orange seedling roots condi-
tioned at 25 or 10 C ...................... ~·.. 44 
7. Autoradiographs of ethanol1~oluble co mpounds 24 hours after labeling with · C02 from ,Valencia' 
orange leaves conditioned for 1 day at 25 or 
10 c t I I t t • I I I t I I t t I I I I t I t I I I I I t I I I I t I t I I I I I I t I 49 
8 . Autoradiographs of ethanol soluble compounds 24 
hours after labeling with 1~C02 from 'Valencia' 
orange leaves conditioned for 28 days at 25 or 
10 c I I t I I I I I I I I I I I I I t I I t I t I I I t I I I I t I I I I I I I I I I I 51 
1 
INTRODUCTION 
Citrus lS the major economic agricultural crop grown 
1n Florida . Every year growers and nurserymen prepare to 
protect their trees should freezing weather occur in the 
citrus growing regions. In spite of many efforts, freez -
lng temperatures result in considerable frost damage to 
the citrus industry . 
The ability of citrus trees to acclimate has been 
the subject of much research. This research yielded much 
information on citrus cold hardiness . Unfortunately, a 
clear explanation describing how citrus increases its 
ability to resist frost injury is still lacking . 
Evidence is mounting that for citrus to fully accli-
mate , not only is inductive temperatures important, but 
that light exposure is also required (Ivanov 1939b, 
Young 1969 , Yelenosky 1971 and Yelenosky 1975). The 
mechanism of this light stimulation of cold hardiness 1s 
unlrnown . An important question is whether the light 
stimulation is a photosynthetic response. 
This study was conducted in an attempt to .further 
elucidate the metabolism of photosynthesis during the 
acclimation process in citrus. The goal of this research 
was to characterize gross or specific chemical changes 
which might suggest avenues for productive future stud-
ies leading to an understanding of citrus cold hardi-
ness. 
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The ability to accurately describe the acclimation 
process 1n citrus has great economic value to the citrus 
industry. When the mechanism of acclimation is fully 
understood, perhaps means for controlling the process 
can be devised. 
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LITERATURE REVIEW 
Cold hardiness is one of the oldest fields in plant 
sclence. In past years, there have been seve r al c omple te 
reviews of the literature on frost hardiness made by Lev-
itt (1956, 1972), Vasil'yev (1961), Parker (1963) and 
Alden and Hermann (1971). This review will be limited 
ln scope and will consider only research pertinent to ice 
formation and plant metabolism related to cold hardiness . 
Terminology 
Plant cold hardiness has basic terminology that is 
unique and should be defined and understood before an in-
depth study is undertaken . 
Frost Hardiness. Is the ability of plants to survlve 
the formation of ice and subsequent thawing of their tis-
sue water. Frost hardiness is often measured as that 
temperature resulting ln 50% killing (Gerloff 1966) . 
Cold Hardiness . Is the ability of plants t o sur vive 
sub-freezing temperatures . 
Chilling Hardiness . Is the ability of subtropical 
and tropical plants to survive exposure to non- freezing 
temperatures . 
Frost Hardening, Cold Hardening and Cold Acclima-
tion . Terms which refer to the process where the plant 
increases its freezing tolerance . 
Ice Formation 
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There are two types of freezing that can occur in 
plant tissues (Levitt 1956). In the first type, ice can 
form within the protoplasm of the cell. This type of ice 
formation is termed intracellular ice. Whenever intra-
cellular ice occurs in plant tissue, it causes lethal 
injury to the cells. The only exceptions to lethal 
injury by intracellular ice occur when freezing is very 
rapid, such as immersion in liquid nitrogen. The ice, 
during this type of freezing, forms microscopic crystals . 
This process is lmovvn as vitrification. It is unlikely 
that vitrification occurs in nature. The second type of 
freezing is intercellular lee formation, where the init-
ial ice crystal forms between the cells in the intercel-
lular spaces. Plant cells contain solutes that lower 
the freezing point of the cell sap below that of the more 
dilute intercellular water. Thus, crystallization typi-
cally begins on the outside of the cells. 
Cell membranes are efficient barriers preventing 
intercellular ice crystals from spreading to the inside 
of cells (Mazur 1969) . With continued decreases 1n tem-
perature , a water vapor pressure deficit occurs and water 
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begins to diffuse across the membrane to the growing l ee 
crystal. This results in the cellular water and the l ee 
crystal reestablishing thermodynamic equilibrium. This 
process is known as frost dehydration. If the tempera-
ture drop is rapid, the cellular water may not di ffuse 
across the membrane rapidly enough to maintain equilib-
rlum. In this instance, the cellular water supercools 
and can nucleate and crystallize resulting in cell death . 
But if the temperature drop is slow, then the water will 
move out of the cell to the intercellular ice crystal . 
With continued lowering of the temperature, dehydration 
will proceed until all free water has been removed from 
the cell. The point where all free water has become 
frozen ls known as the eutectic point of the cell (San-
tarius l97J). At the eutectic point all cell solutes 
are precipitated out. Cell death generally occurs long 
before the eutectic point is reached. Different plant 
species show different tolerances to ice dehydration . 
Theories 
In nature, intercellular ice is the predominant type 
of freezing in plants . Theories put forth to explain how 
ice injures plant cells are based on the fact that extra-
cellular ice causes a dehydration of the cells . 
Iljin proposed a theory that suggested that lee 
dehydration was responsible for cell injury (c ited i n 
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Levitt 1956). His mechanical stress theory states that 
when cells begin to dehydrate, the protoplasm is de-
formed by loss of water . At some critical point during 
dehydration, excessive stresses and strains result in 
irreversible damage causing collapse of the cell and 
death upon rehydration. While Iljin's mechanical stress 
theory has not been shown to be incorrect, it remains 
incomplete and fails to describe what the sites of 
irreversible damage are. 
Levitt et al. (1961) proposed the sulfhydryl-
disulfide bond theory, which provides the only molecular 
explanation for describing the effect of freezing on 
plant cells. Levitt's theory states that when the cell 
is dehydrated due to frost, structural protein SH groups 
approach each other and are oxidized to form intra and 
interprotein disulfide bridges . Upon thawing and rehy-
dration, the disulfide linkages do not break down, which 
results in denaturing linked proteins and enzymatic in-
activation. If enough wrong disulfide bonds form, the 
cell is unable to carry on normal functions and subse-
quently dies. 
While the sulfhydryl bond theory is the most gener-
ally accepted theory, several other explanations for 
freezing injury have been advanced and are reviewed by 
Levitt (1956) and Mazur (1969). 
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Environmental Factors 
Frost hardiness is seasonal in nature. Tempera-
ture, moisture and light are the three major envlron-
mental factors associated with cold hardening. The 
first factor to be correlated with cold hardening was 
air temperature (Levitt 1956). Warm temperatures cause 
a decrease in frost resistance while low nonfreezing 
temperatures cause a marked lncrease in plant hardiness 
(Levitt 1956). Exposure of citrus seedlings to low tem-
peratures results in increased tolerance to frosts (Iva-
nov 1939a, Young and Peynado 1965). The second factor, 
soil moisture, is inversely related to frost hardiness 
(Levitt 1956). Unlike temperature, there is contradict-
ing evidence regarding the relationship between moisture 
and increased freezing tolerance (Levitt 1956). Levitt 
has observed increases in hardiness in cabbage when 
moisture is restricted. However, water deficits do not 
necessarily increase cold hardening in citrus (Yelen-
osky 1975). Light is the third environmental factor 
that effects frost hardiness in plants. There have been 
numerous investigations into the effects of light on 
frost hardiness and cold acclimation in recent years 
(Dexter 193Jb, Andersson 1944, McGuire and Flint 1962, 
Young 1969, Yelenosky 1975). These investigations sug-
gest that light is necessary for complete acclimation . 
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Temperature and light or photoperiod appear to be 
the most important factors influencing cold hardiness. 
Both factors usually interact in stimulating physiologi-
cal responses which result in increased frost resistance 
in plants. 
Plant Responses to Low Temperatures 
Nucleic acids. Studies on the DNA content of' 
plants undergoing cold acclimation have shown little 
change. Siminovitch (1963) and Li and Weiser (1967) 
could demonstrate no significant change in total DNA 
content before, during or after cold acclimation. How-
ever, Ghazaleh and Hendershott (1967) found the DNA con-
tent of citrus leaves to increase on exposure to 40 F 
nights. Working with apple twigs, Li and Weiser (1969) 
also observed a slight increase ln DNA content on expos-
ure to low temperatures. 
The greatest change seen ln the nucleic acid frac -
tions during cold acclimation occurred in soluble RNA. 
Sarhan and D'aoust (1975) have observed increases in sol-
uble and ribosomal RNA during cold acclimation of' wheat. 
Li and Weiser (1969) recorded similar responses in apple. 
Increases in the RNA portion have been demonstrated in 
other plants during cold hardening (Li and Weiser 1967, 
Siminovitch 1963, Ghazaleh and Hendershott 1967). In-
creases in soluble and ribosomal RNA content suggests 
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increased protein synthesis, perhaps of new types of 
proteins responsible for increased cold hardiness. 
Changes in the G+C/A+~+U ratios changed ln hardy winter 
wheat during exposure to cold, but did not in spring 
wheat which was frost sensitive (Sarhan and D'aoust 
197 5). 
DNA content should only lncrease if active cell 
growth and division are occurring. This is consistent 
with the observation that growth stops, or is greatly 
-
reduced on exposure of plants .to cold hardening temper-
atures. However , cold acclimation is an active meta-
bolic process which should require considerable protein 
synthesis . 
Proteins . Seasonal changes in proteins and protein 
synthesis have been studied to discover a possible rela-
tionship with plant cold hardiness (Levitt 1972). A 
positive correlation has been found between water solu-
ble protein concentration and frost hardiness in black 
locust, but no correlation was demonstrated for insolu-
ble protein concentration (Siminovitch et al. 1953) . 
Exposure of cabbage and citrus to low temperatures re-
sults in increased soluble protein content (Kacperska 
et al. 1969, Ghazaleh and Hendershott 1967) . Incorpora-
tion of LT4Q7leucine into soluble proteins correlated 
very well with the seasonal changes in frost hardiness 
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ln red pine (Pomeroy et al. 1970). However, increased 
soluble protein content does not always follow the 
changes in f'rost hardiness (Parker 1962, Gerloff 1966, 
Stoller and Weber 1975). Young (1969) found a decrease 
in water soluble protein content in citrus during cold 
hardenli1g. Cold exposure caused no change in the solu-
ble protein content of nutsedge tubers (Stoller and 
eber 1975). Parker (1962) found increases in soluble 
protein content did not correspond to changes in frost 
hardiness. Gerloff (1966) found he could not separate 
hardy and nonhardy alfalfa varieties on the basis of 
soluble protein content. 
However, a quantitative change may not be neces-
sary, and perhaps a qualitative change is responsible 
for increased frost hardiness. Bixby and Brown (1975) 
working with black locust seedlings found the ribosomal 
structure was modified on hardening. Seventeen new 
ribosomal proteins were found during hardening at low 
temperatures. ~4Q7Leucine incorporation into water 
soluble proteins showed two newly synthesized proteins 
when separated by electrophoresis in the hardy Kharkov 
variety of wheat. Selkirk, a no11hardy wheat variety, 
did not synthesize these proteins (Rochat and Therrien 
l975a). Brown and Bixby (1975) found the synthesis of a 
new protein not present in unhardened tissue . Examina-
ll 
tion of the protein showed it to be a glycoprotein which 
exhibited a high water binding capacity. They concluded 
synthesis of the glycoprotein may be responsible for ln-
creased frost hardiness . Levitt's sulfhydryl theory 
does not suggest a change in total protein concentration . 
Therefore, it may represent an accurate description of 
the changes occurring in the plant tissue which are liD-
parting increased cold hardiness (Levitt et al. 1961). 
Increased contents of SH groups paralleling changes in 
frost hardiness has been demonstrated in several species 
(Levitt 1966). However, protein sulfhydryl content may 
decrease resulting in fewer intermolecular disulfide 
bonds forming on freezing. Rochat and Therrien (l975b) 
found increased 35s incorporation into proteins of a 
hardy wheat variety but not in a nonhardy variety. Heber 
and Santarius (1964) found no change in sulfhydryl con-
tent of frozen chloroplasts and thus rejected Levitt's 
theory . Conclusive experiments to determine whether the 
sulfhydryl theory is correct have yet to be carried out. 
Amino Acids. The content of free amino acids has 
been studied to determine a possible relationship with 
freezing resistance. Fluctuations in frost hardiness 
do not correspond to changes observed in the amino acid 
content of red pine (Pomeroy et al. 1970). Analysis of 
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dogwood bark showed some amlno acids decreased, some re -
mained constant, and some increased during cold accli-
mation (Li et al. 1965). Asen and Stuart (1958) found 
a similar response. Alanine and aspartic acids de -
creased, glycine and proline did not change, and trypto -
phane increased during cold exposure. 
Proline, threonine and gamma amlno butyric acid 
protected washed thylakoids from frost inactivation 
(Heber et al. 1971). Other amino acids increased in-
jury when present ln excess concentrations. Proline 
has been shown to accumulate in barley and radish plants 
when exposed to 4 C (Chu et al. 1974). Proline, glutam-
lC acid and asparagine increased during cold acclimation 
in apple shoots (Benko 1968). Schneider (1965) found 
gamma amino butyric acid and asparagine accumulated for 
six weeks on exposure to low temperatures. The relation 
between free amino acid content and frost resistance ap-
pears to be quite tenuous showing no consistency from 
one plant species to another. 
Lipids. Total lipid content lncreases during cold 
hardening (Levitt 1972). Gerloff (1966) demonstrated 
an almost doubling of fatty acids in alfalfa. He found 
that the unsaturated lipids, mainly fatty acids lino-
lenic and linoleic, were most actively synthesized. The 
ratio of lipid unsaturation coincides with relative 
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frost hardiness in three varieties of perennial herba-
ceous tubers (Stoller and Weber 1975) . With the f~ding 
of a temperature response in membrane lipid unsaturation 
in bacteria, vertebrates and plants, research in this 
area was greatly increased. It was found that greater 
unsaturation imparted greater fluidity of membranes at 
lower temperatures. Therefore, it was thought that the 
more hardy varieties would possess a greater unsatura-
tion ratio. However, recent studies (De La Roche et al . 
1975, Willemot et al. 1977) have conclusively demonstrat-
ed a uniform increase in unsaturation for both hardy and 
nonhardy varieties of wheat on exposure to low tempera-
tures, which appears to be unrelated to frost resistance . 
Modern chromatographic methods have allowed analy-
sis of specific lipid fractions. Siminovitch et al. 
(1968 ) found stimulated phospholipid synthesis during 
rapid acclimation in black locust trees. Similar re -
sponses have been found for wheat (Willemot 1975, De La 
Roche et al. 1972). The main phospholipids accumulat-
lng were phosphatidylcholine, phosphatidylethamolamine, 
and phosphatidylinositol . Siminovitch et al. (1968) 
concluded that increased phospholipid synthesis was an 
important phase in cold acclimation. It appears that 
membrane lipid and phospholipid synthesis is just a 
part of the complex metabolic restructuring that occurs 
14 
1n plant cells during cold acclimation . 
Plant Responses to Low Temperatures and Light 
Photoperiodic. In many woody species the initia-
tion of acclimation is induced by short photoperiods 
(Weiser 1970). Short days decrease growth in many 
plant species. Short photoperiods with noninductive 
temperatures increase hardiness, whereas long photoper-
iods at the same temperatures inhibit acclimation . Irv-
ing and Lanphear (1967) found short photoperiods induced 
acclimation in three woody species, while long days in-
hibited cold hardiness. Short days or defoliation pre-
vented the hardiness inhibitors from being produced in 
the leaves at warm temperatures. However, the effect 
of short days or long days can be superseded by low 
temperatures (Weiser 1970). Hardiness develops regard-
less of the length of photoperiod when the plants are 
exposed to cold hardening temperatures (Young 1961, 
Kahn and Levitt 1965) However, for winter wheat to 
maintain frost hardiness during prolonged conditioning 
in the dark, a brief five-minute illumination with 
white light of the whole plant was found to be necessary 
(Tumanov et al . 1976) . It was suggested that a trans-
locatable substance was synthesized under light and 
transmitted to the tillering nodes which was responsible 
for continued frost hardiness during growth in the dark . 
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With the present evidence we can suggest some gen-
eral rules for the mechanism of the photoperiodic 
effect. First, long days stimulate produc tion of hard-
iness inhibitors. Short days induce synthesis of ha rd-
iness promoters, which initiate cold acclimation . These 
responses are determined by receptors for day l ength in 
the leaves. Second, low temperatures can take the plac e 
of the light mediated responses and initiate the promo -
tion of acclimation. Thus, for many specles either 
short photoperiods and/or low temperatures can promote 
cold acclimation. 
Characterization of the promoters and inhibitors 
has been attempted to determine if they are growth in-
hibitors, regulatory hormones, or some other substance 
(Irving 1969, Steponkus and Lanphear 1967). Steponkus 
· 14co f d h 1 b 1· f t · uslng 2 oun eavy a e lng o sucrose, sugges lng 
that it might be the hardiness promotor. Kacperska-
palacz et al. (1975) found evidence for phytochrome p r o-
motion of cold acclimation . They demonstrated that r ed 
light was very effective in causing increased frost sur-
vival and far red resulted in decreased survival . They 
suggested the phytochrome conversion altered a postu-
lated endogenous growth regulator balance whic h may have 
regulated cold acclimation . 
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Photosynthetic. The effect of light on plant cold 
hardiness can be divided into ·photoperiodic and photo -
synthetic responses. Nijjar and Sites (1959) found that 
the length of light and dark periods were important fac -
tors influencing citrus cold hardiness . Increases in 
photoperiod increased cold hardiness at low tempera-
tures. Short photoperiods stimulated acclimation less 
than long days. Short days appear to stimulate cold 
hardiness of citrus less due to reduced time of photo -
synthesis. Dexter (193Ja) found a similar response in 
alfalfa. Alfalfa plants hardened more fully with expos-
ure to long days at 0 C than to short days. Cabbage 
frost hardiness was related directly to longer photoper-
iods and osmotic potential during the first week of con-
ditioning at 5 C (Kohn and Levitt 1965). 
The relationship between photoperiod and frost 
hardiness suggests maximum photosynthesis is needed for 
maximum acclimation. Photoperiod had a quantitative 
effect on conifer cold hardiness which appeared to be a 
photosynthetic stimulation (McGuire and Flint 1962). 
Andersson (1944) had previously observed the same re-
sponse in wheat. Both studies showed complete inhibi-
tion of acclimation in darkness. Citrus acclimates more 
1n response to low temperatures with light than exposed 
to darkness and low temperatures (Yelenosky 1971) . 
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Hardy plants when placed in darkness decline in frost 
resistance with time. Young (1969) showed little ac -
climation in dark conditioned citrus, which was corre -
lated with an accumulation of photosynthate. 
Dexter (l9J3a) inhibited photosynthesis by exclud-
ing co 2 during the conditioning of alfalfa. Acclima-
tion was inhibited suggesting Co 2 fixation was an im-
portant reaction mediated by light. Dexter postulated 
carbohydrate synthesis and accumulation are the deter-
mlnlng factors in cold hardening. When the photosyn-
thetic functioning of citrus is inhibited, acclimation 
fails to occur on exposure to inductive temperatures 
(Yelenosky 1975). Stomate blockage and defoliation were 
used to inhibit photosynthesis, which reduced frost 
hardiness in a quantitative fashion during cold harden-
ing. It appears conditions which favor accumulation of 
carbohydrates and energy reserves also favor acclima-
tion. However, when sufficient organic reserves exist, 
plants can acclimate in the absence of light at low tem-
peratures. Plants deficient m energy reserves do not 
acclimate at all in darkness (Dexter 193Jb). 
Recently Mikaberidze (1975) demonstrated the rela-
tionship between frost hardiness and photosynthetic rate 
in citrus . Frost resistant mandarin trees photosynthe -
sized at a higher rate than frost sensitive lemon during 
the winter. The sap concentration of lemon and orange 
leaves increased at lower temperatures in light (Haas 
and Halma 1931) . The more hardy orange had a greater 
sap concentration than the less hardy lemon. The in-
creased osmotic potential was attributed to accumula-
tion of photosynthetic products. Steponkus and Lan-
phear (1967) showed sucrose to be the main product of 
photosynthesis at 5 C in English ivy. 
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Sugars . The accumulation of sugars is well estab-
lished in plants during the winter (Levitt 1956). Sim-
inovitch et al. (1953) found sucrose accumulated through-
out the summer and reached a maximum concentration in 
autumn. Sugars accumulate in citrus when exposed to low 
temperatures and alternating light and dark periods 
(Ivanov 1939a, Yelenosky and Guy 1977, Mikaberidze 
1975). Trees exposed to low temperatures without a pho -
toperiod show slight increases in soluble sugars and do 
not acclimate as do the light counterparts (Young 1969). 
Sucrose is the most important sugar in relation to frost 
hardiness in English ivy (Steponkus and Lanphear 1967). 
Sucrose also accumulates in pine and spruce with short 
photoperiods at low temperatures (Aronsson et al. 1976). 
In pine and spruce, frost hardiness strongly correlates 
with sucrose concentration. Sucrose concentration also 
strongly correlates with cold hardiness in citrus (Yel-
enosky and ·Guy 1977, Mikaberidze 1975, Young and Peynado 
1965). Young and Peynado (1965) found both sucrose and 
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reducing sugars accumulated in citrus upon conditioning. 
Sugar concentration is not always associated with 
maximum frost hardiness. Ivanov (1939a) analyzed manda-
rin, orange, and lemon for sugar content. He found all 
varieties accumulated sugars, but frost hardiness did 
not agree with relative sugar concentrations. The less 
hardy lemon contained more sugar than the hardier orange 
and mandarin . Soluble carbohydrate and sugars do not 
correlate well with frost hardiness in red pine or black 
locust (Pomeroy 1970, Siminovitch et al. 1953). Cornus 
stolonifera showed little change in soluble sugars dur-
ing acclimation which appeared not to account for the 
change seen in frost hardiness (Li et al. 1965). 
Parker (1962) demonstrated in Hedera helix that new 
forms of soluble sugars accumulate during winter . He 
found stachyose, raffinose and xylose in chromatographic 
preparations only when frost hardiness was at a maximum. 
Raffinose has been found in other plants during winter 
(Mikaberidze 1975, Steponkus and Lanphear 1967, Li et 
al. 1965). Many plants have been examined to determine 
if new sugars are formed during acclimation. Some 
plants synthesize new forms of sugars and some do not 
(Alden and Hermann 1971). Since the accumulation of 
raffinose and other new forms of sugars is not univer-
sal , the importance of these compounds is questioned in 
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relation to frost hardiness. 
Starches. Sugars accumulating during fall and win-
ter seem to be derived from photosynthesis and starch 
hydrolysis . Siminovitch et al . (1953) observed sucrose 
accumulation coupled with starch hydrolysis, which coin-
cided perfectly. Starch degradation at low temperatures 
is a well documented response in plants (Li et al. 1965, 
Stoller and Weber 1975, Alden and Hermann 1971). However, 
ln subtropical plants, active starch accumulation occurs 
at 10 C (Nezgovorov et al. 1966). In citrus, starch accu-
mulates rapidly between 15 and 5 C (Yelenosky and Guy 
1977). Cucumber and other subtropical plants did not ex-
hibit the classical starch hydrolysis response (Nezgovo -
rov et al. 1966). Thus, it appears doubtful starch plays 
any active role in plant frost hardiness. Providing a 
source of soluble sugars at low temperatures appears to 
be the most important function starch plays. 
Present evidence suggests photosynthesis lS neces-
sary for citrus to reach maximum frost hardiness. Anal-
ysls of the products of photosynthesis shows a positive 
correlation between accumulation and frost hardiness . 
But, maximum sugar concentration does not always coin-
cide with maximum frost resistance . 
Two possibilities are suggested by present knowl-
edge of cold acclimation . The first is that sugar 
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accumulation is necessary only up to a point. After a 
certain critical concentration lS reached, further in-
creases ln sugars will not stimulate increases in frost 
hardiness. The explanation for this type of response is 
not readily available in the literature. A possibility 
ls, that at some critical concentration, some form of 
catabolite repression or derepression occurs, which reg-
ulates the metabolic sequence for acclimation. Another 
possibility is that some metabolic product derived from 
photosynthesis other than sugars is responsible for in-
creased resistance. No attempts have been made to ex-
plore this alternative. If this hypothesis is correct, 
the synthesis of new compounds during acclimation should 
occur. These compounds should become labeled when 
plants are allowed to photosynthesize during acclimation 
1n the presence of 14co 2 . 
The goal of this thesis lS to examlne the relative 
labeling of metabolic fractions during acclimation to 
determine if the partitioning of photosynthetic products 
is associated with citrus cold hardening . 
-
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MATERIALS AND METHODS 
Plants 
Eight- to ten-month old 'Valencia' orange seedlings 
(Citrus sinensis L . Osbeck) were used for all experl-
ments . All trees were grown under greenhouse conditions 
in 5 x 5 inch plastic pots. Potting medium was a stand-
ard peat moss soil mix (Yelenosky 1971) . 
Controlled Environment Chambers 
Controlled environment chambers used for condition-
lng experiments have been described by Yelenosky (1975) . 
Two chambers were used simultaneously, each at a differ-
ent temperature setting . A constant nonhardening tem-
perature of 25 C with 12 hour night and day regime 
served as a comparison to a constant acclimation induc-
ing temperature of 10 C with the same night/day scheme . 
Conditioning treatments continued for up to 28 days . 
Frost Hardiness Determination 
Frost hardiness was determined by freezing seed-
lings in a walk- in controlled environment chamber where 
the relative humidity was maintaine d at 50% ±5%. Stand-
ard freezes were used for making hardiness dete r mi na-
t i ons . The f r eeze test began at 4 . 4 C and dropped 1 . 1 C 
23 
per hour until -J.J, -5.0 or -6.7 was reached. Minimum 
temperatures were maintained for 4 hours. Then the tem-
perature was increased at the rate of 1 . 1 C per hour un-
til 4.4 C was reached. The trees were allowed to thaw 
for 3 hours at 25 C in darlmess before return to the 
greenhouse. Frost injury was determined after four weeks 
regrowth in the greenhouse. Injury was calculated as 
percent of leaf and stem kill. 
Effect of different conditioning treatments on 
frost injury was statistically tested, after arc slne 
transformation of percentages, for significant differ-
ences by t-test. 
Photosynthesis Inhibition 
Seventy-six plants were hardened at a constant 10 
C in light and darlmess to compare the effect of light 
on frost hardiness. Lighted plants were normally treat-
ed. Dark plants consisted of tin foil coverings placed 
over the leaves to block out the light. The tin foil 
coverings were loosely applied to allow gas exchange 
during conditioning. Tin foil was selected because 
light cannot penetrate through it, and heat buildup was 
prevented due to the high reflectance of light . 
The green stems were not covered during the experi-
ment and were , therefore, able to photosynthesize. 
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Frost hardiness was determined on 10 lighted and 5 
darkened trees at 0, 7, 14 and 28 days of hardening . 
Sugar analyses for the tissues under each treatment were 
carried out to determine the effect of light at 10 C. 
Carbohydrate Analysis. Three trees were arbitrari-
ly selected £rom each treatment at the prescribed time. 
The plants were divided into leaf, stem and root samples 
and the tissues from the three trees were pooled . The 
composite tissues were dried at 90 C for 90 minutes , 
then at 70 C for 22 hours . The dried tissue was ground 
1n a wiley mill to a 40 mesh particle s1ze . Triplicate 
0.5 gm subsamples were extracted with 76% ethanol for 6 
hours in a soxhlet apparatus. The ethanol extract was 
then evaporated at 45 C in a rotary evaporator until all 
ethanol was removed. The concentrate was then £iltered 
through a diatomeous filter aid to clarify the extract. 
Then the filtrate was mixed with 5 gm wet weight each of 
cation and anion exchange resins to remove impurities 
which interfere with the colorimetric determination. 
The mixture was filtered through Whatman #1 paper and 
then made to volume. The purified sugars were measured 
by the anthrone method (Plummer 1971). 100 ml of con-
centrated H2so4 was mixed with 0.2 gm of anthrone. 1 ml 
of sugar solution is reacted with 4 ml of anthrone 
reagent and boiled for 10 minutes ln a water bath. 
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After cooling, the absorbance was read at 620 nm. Tis-
sue samples were compared to a standard curve prepared 
with gluco-se. 
Reducing sugars were measured by the Somogyi meth-
od as described in Hodge and Hofreiter (1964). l ml of 
sugar solution was mixed with l ml of copper reagent and 
boiled for 10 minutes, cooled, then l ml of arsenomolyb-
date solution was added. 2 ml of distilled H2o was add-
ed and the absorbance read at 500 nrn. A glucose stand-
ard curve was used to determine sample content. Data 
were expressed as mg/grn dry wt. 
Radiotracer Methodology 
Isotope Contaiment Chambers. Two isotope contain-
ment chambers were constructed with 3/8 inch clear plexi-
glas to prevent release and contamination of controlled 
environment chamber atmosphere (figure 1). The chambers 
were 104 liters in volume. The tops were removable to 
allow watering of the trees during extended experiments. 
A rubber gasket was placed between the top and sides to 
make an air-tight fit to prevent leakage of radioactivity. 
A serum cap was placed in the top and an elongated syrlnge 
was used to inject the acid needed to liberate the 14co2 . 
Each chamber had three inlet ports and an outlet port 
located on opposite sides to allow air movement across 
the trees. A compressor was attached to the outlet by 
Figure 1. Isotope containment chamber used for labeling 
orange seedlings. The letters have t e fol-
lowing meaning : C - compressor· KB - 10% 
KOH co 2 absorbing trap; 0 - outlet, RT - re -
movable top; RG - rubber gasket ; E - 3 volt 
electric motor; SC - serum cap; IS - injec-
tion syringe for HCl. 
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way of two KOH co 2 absorption baths . A vacuum was 
placed on the KOH baths which forced air to move out of 
the chambers and bubble through the KOH before being 
exhausted to the outside atmosphere. The compressor 
moved 20 liters of air per minute through the chambers 
resulting in a turnover in the atmospheres every 5 mln-
utes, The compressor was operated from 30 minute·s be -
fo e during, and 30 minutes after the photoperiod 
phase . The te peratures inside the plexiglas chambers 
ere 1-3 C above the outside during the day phase and 
equal to the outside temperature at night . During puls-
lng of the trees all inlets and outlets ere closed, and 
t e in i e atmosphere as circulated by a 3 volt model 
airplane motor ith a 4 inch propeller. 
The plant population was divided into 
tto equal group and placed into the controlled environ-
ment chambers at 8 A to precondition before labeling. 
At 11 t elve seedlings were arbitrarily chosen for 
labeling at each temperature treatment . The pots were 
eale ith duct tape to prevent soil uptake of 14co2 . 
The chambers were closed off, and radioactive carbon 
10 ide was generated by injecting 3 ml of 1 N HCl in 
to 50 Ci of premoistened Ba2
14co
3
. Labeling was al-
lowed to proceed for 3 hours in light with an intensity 
of 700 ft-c . At the end of the labeling period the 
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y terns were flushed and the initial samples taken . The 
tape as removed from the pots of the remaining trees . 
Sampling _Schedule . Samples were taken at 3 hours, 
7, 14 and 28 days after labeling in both 10 and 25 C 
treatments . At each time for each treatment 3 trees 
were removed to the laboratory. The plants were divided 
into composite leaf, stem and root samples . Then , each 
composite as divided into three subsamples . All sub-
am les ere eighed and then fixed in boiling 76% 
ethanol and stored at -8 C until analyzed. 
E traction . A flo diagram for the separation of 
t e major biochemical fractions ls shown in figure 2 . 
Tis e samples were homogenized in a war1ng blender at 
1gh s eed for 2 minutes. The homogenate was then trans-
ferred 1th ashing to a soxhlet extractor . The sample 
a e tracte for six hours. 
Ethanol Soluble Compounds . The ethanol extract was 
evaporated to remove the ethanol at 35 C. The aqueous 
solution was partitioned four times with 20 ml petroleum 
ether. The petroleum ether fraction constituted the 
non-polar phase containing fat soluble materials . The 
aqueous pha e constituted the polar phase containing 
amino acids, organic acids, organic phosphates and neut-
ral sugars . The aqueous phase was evaporated at 35 C t o 
a 5 ml volume . The concentrated extract was subsequent-
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Figure 2 . Flow diagram for the sequential extraction 
aQd separation of major chemical fractions. 
TISSUE SAMPLE 
FIX I BOILING 76% ETOH, HOMOGE IZE IN BLE DER 
AT IGH SPEED FOR 2 MINUTES , TRA SFER IT 
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ORG IC ACID 
ORGANIC PHOSPHATE I STA*CH I 
NEUTRALIZE ADD' 10 ml 
WITH 18N NaOH a-- 6N HCl 
TO pH 6 . 8-7 . 2 INCUBATE AT 
105 C FOR 
24 HOURS 
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ly passed through a Dowex 50-4X 100-200 mesh H+ ion ex-
change column 17 X 1 em in length and diameter with 50% 
ethanol (Bachelard and Wightman 1973). The effluent was 
passed t rough a Dowex l-8X 100-200 mesh Cl- lon exchange 
column of the same dimensions The columns were prepared 
by adding 10 gm of wet weight reslll and washing the grav-
ity ettled resin with three volumes of 50 ml distilled 
H20 to remo e impurities . The Dowex 50 resin removed 
amino aci s f o t e sample allo ing organic acids, phos-
p ates an ugars to pass through . The amino acids were 
el ted from the column ith two 50 ml volumes of 
4 4o . The Do ex 1 anion resin removed organic acids 
an organ1c p o phates and allo ed the neutral sugars to 
pa s t o gh . The effluent was collected and represented 
a p rifie sugar e tract The Dowex 1 column was eluted 
ith t o 50 ml volumes of 4 CH
3
COOH . All isolated 
fraction ere taken to dryness at 35 C in a rotary 
evaporator . The samples ere transferred with two 2 ml 
76% ethanol ashings to a test tube for storage at -8 C 
until prepared for oxidation . 
Ethanol Insoluble Residue . The insoluble residue 
wa e tracted with 20 ml petroleum ether to remove any 
residual lipids . The ether extract was combined with 
the non-polar extract from the ethanol soluble phase to 
yield a crude lipid fraction . The crude extract was 
evaporated at 35 C to dryness and with two 2 ml of 76% 
ethanol washings was transferred to a test tube for 
storage at - 8 C-;-
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The insoluble residue was divided to allow starch 
and protein extraction . Starch was solublized by boil-
lng the residue in 10 ml distilled H2o for 15 minu~es. 
After cooling, 10 ml of 0.5% (w/v) amyloglucosidase in 
0 . 2 citrate buffer at pH 4.5 was added (Jyung et al. 
1975) 
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T e mi ture as incubated fo r 2 hours at 55 C at 
ln a controlled environment shaker . The starch 
gl case as purified by adding 5 gm wet eight of washed 
Do ex 50 and Do ex 1 exchange resins and incubating 30 
m1nute ith agitation . The mixture was filtered through 
hat an #1 paper and evaporated to dryness as the sugar 
ol tion abo e . 
Resi ue proteins ere hydrolyzed by adding 10 ml 6 N 
HCl to 0.5 gm of residue and incubating at 105 C for 24 
hours in a sealed test tube . After hydrolysis, the acid 
solution as neutralized with 18 N NaOH to pH 6 .8- 7 .2. 
The neutralized solution was filtered through a layer o£ 
activated charcoal to clarify the e tract. Protein amin 
acid were purified by passage of the extract through a 
Dowex 50 cation e change column as described for amino 
acids above . The purified protein amino acids were evap-
orated to dryne and taken up for storage as above. 
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Radioactivity Determination. All samples consisted 
of 4 ml 76% ethanol soluble solutions . Radioactivity 
was determined -by oxidation of 200 pl aliquot of the 
sample in a Packard sample oxidizer Model 306. Oxida-
tion was accomplished . ith a JO-second burn . 14co 2 was 
absorbed in 7 ml carbosorb, an alkaline solution, and 
mi ed ith 13 ml permafluor, a scintillation counting 
flour . Counting ias carried out on a Packard tri-carb 
scintillation counter. Internal standardization was used 
to determine counting efficiency , which was found to be 
above 90% . All samples ere counted for ten- minute time 
periods . 
A toradio Incorporation of 14co 2 into spe-
cific compounds as examined at 1, 7 , 14 and 28 days to 
eter ine if a qualitative change occurred during accli-
mat1on that would not be detected by the main experiment. 
Plants that ere conditioned at the above lengths of time 
ere allo ed to photosynthesize for one hour in the pres-
ence of 50 Ci of 14co in a three-liter beaker covered 2 
with saran wrap . After a 24-hour chase period, the leaf 
tissue was extracted with 76% ethanol . The extract was 
evaporated to near dryness at 35 C on a rotary evaporator 
and taken up by 3 ml of 76% ethanol . 25 pl of the ex-
tract wa spotted on Whatman 3 MM paper and chromate-
graphed 20 em in two dimensions using 80% (v/v) phenol 1n 
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the first and (12:3 : 5 v/v/v) n-butanol : acetic acid : 
water (Chopowick and Forward 1974) . Sugars and phos-
phates were loealized with ammonium molybdate, amino 
acids with ninhydrin and organic acids with bromocresol 
green at pH 7 . Tentative identification was made by 
co-chromatography ith known compounds . Radioactive 
co pound ere located by autoradiography using Kodak 
no creen x -ray film ( ang and illis 1965, Bassham and 
Calvin 1957 Chopo ick and For ard 1974) . The film was 
e posed to the chromatograph for 28 days. The film was 
de eloped in D-19 for 4 minutes and fixed for 9 minutes 
ln rapid fi er fol1o ed by a 5-minute wash with water and 
dr mg . 
RESULTS 
Temperature and Light Responses 
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Table 1 sho s 10 C induced acclimation and increased 
frost hardiness in citrus . Conditioning at 25 C caused 
no chan 0 e in frost resistance up to 28 days of exposure . 
F o t injury resulting from a - 6.7 C freeze was signifi-
cantl different between trees conditioned at 25 and 
t o e at 10 C. The degree of frost resistance in plants 
after e pos re to 25 C as no greater than the plants 
gro in t e glasshouse . Ho ever, the 10 C conditioned 
trees ere well adapted to low temperatures and were ln-
j red le s than trees tested after a 1- week exposure to 
0 C follo ing a 5 C step down per week from 30 C (Yelen-
osky and Guy 1977) . 
Table 2 sho s an increase in frost hardiness due to 
low temperature with light, but an inhibition of accli-
mation at low temperature in darkness . The dark condi-
tioned leaves were injured only 18% less than the glass-
house control and 48% more than their low temperature 
light counterparts . Stems from darkened plants accli-
mated almost as well as illuminated plant stems . Expos-
ure to 25 C resulted in increased injury to the stems 
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Table 1 . Effect of freezing at -6 .7 C on orange seed-
lings conditioned at different temper atures 
for 28 days . 
Temperature Percent kill
2 
treatment Leaf Stem n 
Control 1 100a~o . o3 10oa:o . o 1 0 
25 c 100a! 5 , 4 100a!5 . 1 10 
10 c 8 b!l . 7 ob!o . o 10 
1controls consisted of trees grown in the glasshouse 
it ean high and lo temperatures of JO and 22 C. 
2Ti sue kill expressed as mean and standard e r ror. 
3 al es follo ed by different letters significant at 
0 . 05 level . 
Table 2 . Effect of freezing at -5. 0 C on orange seed-
lings conditioned at different temper atur es 
and light treatments for 7 days . 
Temperature and Percent kill
2 
light treatment Leaf Stem n 
Control 1 15 
7 a at 
25 c light 10oa! 0.0 10ob! J . J 10 
10 c dark 82b!l.5 .J 28c:10 . 9 5 
10 c lig t J4c-::= 7·5 6c~ 2 . J 10 
1control con isted of trees grown in the glasshouse 
ith mean high and low temperatures of JO and 22 C. 
2Tis ue kill e pressed as mean and standard error . 
3 eans follo~ed by different letters significant at 
p<0 . 05 level . 
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over the glasshouse grown trees when frozen at - 5.0 C. 
Table 3 shows a similar trend when the trees were 
conditoned for -28 days. Darkened leaves when frozen at 
-6.7 C were 100 percent injured at all time periods, 
while the lighted leaves progressively increased in hard-
iness . Stems of darkened plants acclimated during condi-
tioning but s'gnificantly less than the lighted stems . 
Figure 3 shows representative plants 35 days after being 
frozen at -6.7 C for 4 hours . The glasshouse tree was 
killed bac to ground level. The leaves of the 28 - day 
10 C plant kept in the dark were 100 percent killed, and 
a ne shoot has grown just below where the stem was 
kille . T e lig ted tree lost 3 leaves, and the stem was 
uninjured . 
S ar Analysis . Table 4 sho s the fluctuations com-
monly observed in the soluble sugar concentrations of 
acclimating citrus tissues. The nonreducing sugar (NRS) 
fraction shows the greatest increases with time at 10 C. 
The greatest differences between light treatments were 
al o found in the (NRS) . (NRS) is predominantly composed 
of ucrose . Both illuminated and dark tissues show an 
increase in soluble sugar concentrations . Reducing sug-
ar (RS) fluctuate and show no correlated pattern with 
changes in frost hardiness e cept in the roots of illum-
inated plants . The (NRS) fraction shows the best 
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Table J . Effect of freezing at - 6 . 7 C on orange seed-





10 c Leaf Stem n Leaf Stem n 
0 1ooa!o . o2 10oa!o . o 10 
7 8Jb~9. 2 45c::6 . o 10 lOOa~o . o 8Jb!ll . 6 5 
14 39C!7.2 15e!4. 6 10 10oa!o . o 56c~11 . 7 5 
28 ad!1.7 -of!o .. o 10 10oa!o . o 38d! 6 . 0 5 
1Tiss e kill expressed as mean percent and standard 
error . 
2 eans followed by different letters significant at 
p<0.05 level. 
Figure J. Effe ct of freezing at - 6.7 C in orange seed-
lings gro wn in t e glass ouse or con 1-
tioned at 10 C for 28 days ith and it -
out light . 
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41 . 6 
61 . 3 45 . 4 4).0 
26 . 6 15 . 4 15.0 
88 . 5 60 .8 58 . 0 
59 . 4 37 . 0 60 . 0 







20.2 45 .5 6).4 
35-5 24.5 19.0 
57·7 70.0 82.4 
29.6 50.7 6?.0 
9.4 J4.) 22.4 
TS 77 8 48 . 5 85 .0 39.0 85.0 89.4 
RS 77 . 7 43 , 9 78 .8 4J.7 80 . 5 54 .6 
RS 
TS 
Jl . 4 21 . 9 J7 . 0 17.0 5J.1 56.8 
60 . 7 1J).6 111.4 
1 bbreviation (NRS), (RS) and (TS) represent non-
reducing sugar , reducing sugar and total sugar . 
2Mean of three determinations on composite samples 
e pre ed as (mg/gm dry wt.) . 
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correlation with changes observed ln frost hardiness for 
most tissues . Calculation of the correlation coeffic -
ient for ( RS) vs percent injury in lighted leaf and 
stem sho s an r of -. 92 and -. 94 respectively and dark-
ene stem an r of -. 87 . 
14c etabolic distributions. Figures 4, 5 and 6 show 
the distribution of 14c label in the major metabolic 
fractions at 25 and 10 C for leaf, stem and root tissue. 
T e perce tage values are based on the total measured 
ra ioacti ity (dpm) for each tissue at each time inter-
val . 
In f "gure 4 , a comparison for the distribution of 
14c at 25 and 10 C is provided . Examination of the dis -
14 trib tion reveals a greater percentage of C in the 
t rch and ugar fractions at 10 than at 25 C. At 7 days 
25 C, treated trees have a higher relative sugar percent-:-
age , but at all other intervals 10 C conditioned leaves 
ave the higher sugar percentage. For both temperature 
treatments sugars , starches and amino acids are the most 
heavily labeled fractions . The organic acid fraction is 
labeled the least . 
The percentage of sugar 14c label declines through-
out the chase period f rom 87 .9% to lJ.5% for 10 C leaves 
and 76 . J% to J . 8% for 25 C leaves. At 28 days 10 C 
leaves contain more than 3·5 times the 14c label than the 
Fi 4 . D1st . ti 14 i •t the e n m 0 
ti f 0 g ee ling 
le 25 ) or 0 c (B) • 
0 lno aci (a) li i 
1 o) otein ( ) J ta ch 
st 
·stri 1 act· 0 it t e ajo 
e a rae s 0 0 ange ee 1. g 
lO e at 25 ( ) or 10 c (B) . 
a are a i 0 acid (a) lipid 
c ac (o) protein ( p) I starch 
s- a:L s ·gar (s 
re • r 
... l 
OI c act· ity in t e major 
.:rae io s of orange seedling 
d1..l..:..oned at 25 (A) or 10 c (B) I 
.,_... 
ra acid (a) ' lipid _g s 0111 are am 0 
( ) , rgan1c acid ( 0) ' protein (p) , starch 











































































































































































































































































































































































































































































































































































































































































































































25 C leaves . Incorporation of label into starch at the 
t o temperatures as very different. At 25 C the starch 
fraction reached a maximum percentage at 0 days of 
13 . 2% . Ho ever , at 10 C the starch fraction reached a 
maximum percentage at 7 days showing active incorpora-
tion from the initial value of 6 . 6% . The starch per-
centage at 10 C remained high and became the predominant 
labeled fraction after 14 days. At 25 C the starch per-
cen age dropped to 2 . 5%, 13 times less than the 10 C 
starch content at 28 days . 
Incorporation of t e label into am1no acids pro -
duced a near linear response at 10 C. The 25 C leaves 
accum lated a greater percentage of label earlier in the 
amino acid fraction than 10 C leaves. 
ncorporation of label was lower in the organic 
acid , p otein and lipid fractions of leaves at 10 C than 
leave at 25 C, Proteins in 25 C leaves had a1 most 2. 5 
. 14c c . . -t1mes the label that 10 leaf prote1ns conta1ned at 
28 days. 
Figure 5 shows the distribution of 14c activity for 
tern tiss e . The relative percentages for the sugar 
fraction shows a higher value for 25 C stems. This is 
the opposite response observed in leaf tissue. Again 
in both temperature treatments , the percentage of label 
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1n the sugar fraction declines with time . Only at 28 
days does the 10 C stem sugars have a higher label per-
centage than the 25 C stem sugars. 
14c relative percentages in the starch fraction in-
creases ith time in both temperature treatments . The 
rate of percent increase is greater during the first 7 
da at 10 C and then declines while the rate of increase 
at 25 C i relati ely constant for the starch fractions. 
I t · f 14c t · · t · t t h · · ncorpora 1on o ac lVl y ln o e am1no acld 
fraction is lo er at 10 C, but the overall values are . 
not apparently different . The relative labeling of the 
protei s , lipids and organic ·acids was generally small, 
elo 10% of t e overall stem activity. No apparent . 
diffe e ces e e found for prote ins, lipids and organlc 
ac1 bet een temperature treatments. 
Figure 6 sho s the distribution of label into the 
bioc ~mical fractions of roots. The most obvious differ-
ence found appeared in the starch fractions . At 25 C 91% 
of the root radioactivity at 3 hours was found in the 
tarch fraction compared to 22 . 5% for 10 C root starch . 
The incorporat1on of label at 10 C ln root starch is sim-
ila to 10 C stem starch . Percentage of starch label in-
cr a ed during the first 7 days from 22.5% to 58 . 0% at 
10 C, but decreased from 90 . 9% to 57.4% for 25 C root 
st rch. At 28 days the relative starch percentage was 
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exactly the same for both temperature treatments. 
At 3 hours organic acids were the most heavily 
labeled fraction at 10 C. The percentage dropped from 
35.3% to 5.1% during the first week . Little difference 
as observed bet een temperature treatments for amino 
acids sugars and protein in percent label per fraction. 
Li id labeling at 25 C as about twice that of 10 C 
lants . 
14c T . n · t · b · 1 sue 1s r1 ut1on . Table 5 shows the distri-
ution of label t roughout the plant at 25 C and 10 C. 
10 C leaf retains a greater percentage of label than 25 C 
leaf at all time periods . The difference was 2.5% at 3 
hours and 9. 5% at 28 days for the leaf tissues . ith 
time the leaf percen ages declined while the stern and 
root percentages increased . The stern reached a max1murn 
percentage a.t 7 da s at 25 C and at 14 days for 10 C 
stem . Root label incorporation continued up to 14 days 
at 25 C and to 28 days at 10 C. The 25 C stem and root 
each had higher percentage of label than the 10 C stem 
and root . 
Autoradiography . Figure 7A shows an autoradiogram 
of 25 C leaf tissue after 1 day of conditioning . A chase 
period of 24 hours lapsed before the plant was killed and 
the leaf tissue extracted . The primary ethanol soluble 
products labeled were sugars, amino acids and organic acids. 
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5 D. ·b t· f 
14c t· · · Table , 1str1 u lon o ac 1v1ty 1n orange seed-
ling tissues at 25 and 10 C expressed as 
percent o£ the total plant radioactivity . 
Days after 
25 c 10 c 
labeling Leaf Stem Root Leaf Stem Root 
0-3 r- . 90 . 7 5 . 9 J . 5 9J.2 4 . 9 1 . 9 
7 41 5 26.0 J2 . 6 59·9 16.1 24 . 0 
14 27 . 8 20.9 51 -3 42.2 16.4 4l.J 
28 29 . 6 20.0 50.4 J9.1 15.8 45.1 
Figure 7. Autoradiographs o£ et anal soluble co pounds 
24 hours after labeling with 14co2 from 
'Valencia' orange leaves conditioned for 1 














































The largest concentration of label occurred in the 
sugar fraction which corresponds to the two slightly sep-
arated spots at - the lower left . This finding agrees with 
observations made by Possingham and Kriedemann (1969) . 
Labeled compounds tentatively identified were proline , 
serine , alanine, gamma amino butyric acid (GABA) , 
citrate, alate fructose , glucose and sucrose . Several 
labele compounds ere not identified by my methods . 
ol ent front longer than 20 em ere ITBeded to separate 
gl cose fro ser1ne and glycine . All three of these com-
pou s c romatograp very near sucrose with the solvent 
s used , thus resulting in a large darkened area on 
t e -ra film . 
1gure 7B ho s the labeled compounds in lea£ tissue 
after 1 da t 10 C. Ho ever , the sugars appear to have 
a greate percenta0 e of the total lapel present . Dark-
ened areas are fe er and lighter than in 25 C leaf . 
This ob ervation agrees ith the incorporation study . 
o positional differences ere observed between tempera-
tu e treatments on the autoradiographs . 
Figure 8 sho s the autoradiographs of leaf extracts 
a ter 28 day of conditioning at 25 and 10 C. The rela-
tive di tribution of labeled compounds did not change , 
nor did any compound not present at day 1 of condition-
lng ap ear at or before 28 days at either 25 or 10 C. 
Figure 8 . Autoradiograp s of ethanol soluble co pounds 
24 hours after labeling ith 14co2 fro 
' Valencia' orange leaves conditioned for 









alan in proline 
0 
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The relative distribution of label differences between 
the two temperature treatments were maintained through-
out the 28-day conditioning period . 
Te 
DISCUSSIO 
Light Response s 
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' Valenc ia ' orange seedl ings acclimated very well 
hen exposed to inductive 10 C t emperatures. This re -
pon e upon exposure to low temper atur e s is well docu-
mented for citr s varieties (I anov l939a, Young 1961, 
Yo ng and Peynado 1965) . Seedlings conditioned for 28 
da at 10 C ere only slightly i n jur ed after freezing 
in spite of their small size . A - 6 . 7 C freeze would be 
ve destructive to such young tree s growing unprotected 
in a grove Seedlings grown at 25 C conditions showed 
active gro th and no induction of dormancy. Trees con-
ditioned at 25 C did not accl i mate . 
Lo temperatures stimul ate citru s cold hardiness 
most under light condit ions . When 'Valencia' seedlings 
were conditioned at 10 C wi t h t he leaves covered to pre -
vent light exposur e , t he degr ee of acclimation was re-
du ced con i derably over f ully illuminated trees. This 
finding agree ve r y well with past results obtained on 
o t he r c itr us varie tie s (Nijjar and Sites 1959, Young 
1969 , and Ye l no ky 1971). Light appears to be important 
in citrus cold hardiness. If maximum acclimation is to 
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occur, then the trees must be exposed to light during 
lo temperature conditioning . Light stimulation of 
frost hardiness in orange trees could be photochemical, 
producing a photoactivated chemical such as a ho rmone, 
or an energy trapping co mpound like ADPH 2 and ATP; but 
mo e likely light benefits are largely photosynthetic. 
Darkened leaves acclimated very little, but the 
stems acclimated only slightly less than stems of illum-
inated trees . T e ste s of the experimental trees were 
green and able to carry on photosynthesis. The stems 
ere not inhlbited from photosynthesiz ing, and this may 
ha e acco nted for the relatively good acclimation. The 
fact that the stems did acclimate while the leaves did 
not i trong evidence supporting the idea that photo-
t e i is necessary for complete acclimation . 
If photosynthesis and its products are responsible 
for increased cold hardiness , then illuminated trees 
auld contain higher amounts of sugars and be more hardy. 
naly 1 of the soluble carbo hydrate concentrations in 
darkene and illuminated tissues confirmed this hypothe-
1 . The soluble sugars increased in both light and 
dark ti ues, which was unexpected , but agreed with 
Young (1969) . The increase of sugars in the dark may 
have re ulted from starch hydrolysis at low temperatures. 
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However, the overall increase of sugars in darkened tis-
sue was far less than illuminated trees. 
The concentrations of total soluble sugars fluctu-
ated up and down during conditioning at 10 C up to 28 
da s . T e fluctuations may partially be the result of 
sampling procedures . However, the data agrees with 
Young (1969) and Yelenosky and Guy (1977). For this rea-
son the total soluble carbohydrate concentration would 
not appear to be directly responsible for frost hardi-
ness in orange seedlings ., Because of large fluctuations, 
red cing s gars are not closely associated with frost 
ard ·ne in ' alencia ' orange . 
T e nonreducing sugars are best correlated with 
ch e in frost hardiness . If sugars are involved with 
cold h dines then the nonreducing sugars (primarily 
sucro e) are the most important. Sucrose is the usual 
en pro uct of photosynthesis and would be reduced in 
concentration if photosynthesis was interrupted . The 
large t increases observed during acclimation occurred 
in the nonreducing sugar fraction . For orange seedlings, 
accum 1 tion of ucrose is an important part of acclima-
tion . 
An important point to consider is that the darkened 
ti sues were not tarved. Even after 28 days, the sol-
uble sugar concentrations were higher than at the begin-
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nlng of the e periment. The inhibition of acclimation 
cannot be attributed to lack of energy reserves and 
star ation. Therefore, the inhibition must be related 
to the absence of light stimulation and perhaps a photo -
synthetic product accumulation. 
14c etabolic Distribution 
A strong argument for a quantitative photosynthetic 
ti lation of orange seedling cold hardiness was pro -
d ce b t e lig t/dark experi ent . The photosynthetic 
end products did increase, and light stimulation was 
demonstra~ed but all sugars were not well correlated 
~it o t ar lness . Perhaps proteins, lipids or some 
other me abolic product was responsible for increased 
col ardi ess on a quantitative basis. The fate of 14c 
fixed un er 10 C and 25 C conditions revealed subtle dif-
ferences ln the overall radioactivity distribution . A 
compari on of the distributions sho s the major differ-
ence occurred in the sugar, starch, lipid and amino acid 
fraction . The leaf and the stem incorporation of 14c at 
the t o temperatures showed the most differences, but the 
root hawed almost identical patterns similar to those 
re orte by Po singham and Kriedeman (1969) . The lncor-
poration of 14c in the leaf tissue at 10 C was greater ln 
the ug r and starch fr ctions than at 25 C. The loss of 
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r adioac tivity as s lo er in t he 10 C sugar fraction than 
a t 25 C. Thi s a s due to lower translocation and util -
zation of ca r bohydrates a t 10 C. My results support the 
hypothesis pu t f or ard by Haas and Halma (1931) that l ow 
temper ature in i b i ted t r anslocation of photosyntha te 
causing an increase 1n the osmot ic potential of citrus 
lea es . or e label as r eta ined in the leaf tissue on a 
percent ba is at lo temperatur es than warm temperature 
plan~ . Al o the incorporation of 14c int o the starch 
f action as greater at 10 C, showi ng active synthesis up 
to e en da Incorporation of radioactivity into 
st c at 25 C reacned a maximum at 3 hours . The loss 
o ra ioactiv1t from starch at 1 0 C was much less than 
starch at 25 C suggesting decreased hydrolysis and meta-
bolic tu nove . The data agree with that obtained on 
citru from controlled environment studies of starch 
accumulation (Yelenosky and Guy 1 97 7) . 
The sugar frac t i on a t 10 C conserved the 14c labe l 
throughout the 28 - day condi tion i ng period . This c on-
e vation was most ev i dent at 28 days when the percent-
age of label in t he sugar fraction at 10 C was more than 
thr ee time t he 1 be l in the 25 C sugar frac tion . 
I f orne campo nd was synthesized at l ow tempe r atur e , 
which wa r e pons ible for frost hardiness and that syn-
the i wa d pendent on photo synthesis , t hen a higher 
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percentage of label would be expected at 10 C than at 
25 C in one of the isolated fractions. Incorporation 
of radioactivity at 10 C was lo er than at 25 C for amino 
acids proteins , lipids and organic acids, ruling them 
out as being responsible for changes in citrus frost 
har 1ne s on a quantitative basis . Protein synthesis 
a not stimulated by lo temperatures as Pomeroy et al. 
(1970) found . Incorporation of label into protein at 
10 C a a out one-half of that at 25 C over the 28-day 
period . 
If a quantitati e relationship exists between a met-
abolic co anent and frost hardiness , then on the basis 
of the incorporation tudy , only sugars and starches 
ould fit the hypothesis of increased radioactivity at 
lo er tern eratures . Starch can be ruled out because of 
its phy ical form . Starch is insoluble and could not 
protect the cell from the effects .of freezing . Thus, 
only sugar possess a higher 14c activity and have the 
potential to protect the cell from frost injury . Again, 
ug r are pointed to as being the most important soluble 
component found in cells in relation to frost hardiness 
on quantitative basis in citrus . 
Autoradiography. Changes in ceils which 1ncrease 
fro t hardiness may be qualitative in nature . Parker 
(1962 ) found a qualitative change in metabolism in English 
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ivy during winter. The incorporation experiment did not 
allo detection of a qualitative change in orange metab-
olism hich might be obligatory for citrus acclimation 
at lo temperatures . Autoradiography of the ethanol 
soluble co pounds from leaf tissue conditioned at 10 C 
or 25 C for up to 28 days showed no qualitative changes 
in the labeling patterns bet een the temperature treat-
ments . Thi e~periment tested the hypothesis that dur-
ing acclimation possibly ne ethanol soluble compounds 
ere synt esized at lo 1 temperatures . The relative 
labeling patterns remained basically the same except that 
a greater percentage of label was maintained in the sug-
ar at 10 C. Plant at 25 C had a greater distribution 
of la el in the am1no acid and organic acid fractions 
than 10 C lant had . Jhe autoradiographs agreed very 
ell ith the incorporation data showing the higher per-
centage of label in the sugars at low temperatures . 
The metabolism of orange seedlings during acclima- · 
tion appears to be different from non-acclimating trees. 
On a quantitative basis proteins, amino acids, lipids 
an o ganic acid appear to be synthesized at a lower 
rate at 10 C than at 25 C and do not seem to be related 
to citru col hardiness . The possibility that a quali-
tative change in proteins occurs during cold hardening 
i very go od. Unfortunately, I was unable to examine 
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rotein for qualitative changes which might mediate the 
hardening process . 
The results of these exp?riments show sugars are 
the primary products produced from photosynthesis at low 
te peratures . At 10 C respiration and metabolism are 
reduced causing smaller amounts of carbohydrates to be 
funneled into intermediary metabolism leading to the 
s thesi of amino acids , lipids and proteins as well as 
ot er product . 
If t e accu ulation of sugars is needed for acclima-
tion then hat is the mechanism that imparts greater 
frost ardine s? n accumulation of sugars would result 
1n an lncrea ed os otic potential of the cells. This 
ould red ce the degree of dehydration caused by extracel-
lula reezing . Citrus varieties have been shown to accli-
mate 2-4 C ( oung 1970) . If dehydration sensitivity re -
mained the same during hardening , then an osmotic potential 
increase of around 6 atmospheres would provide 2- 4 C pro -
tection . The sugar accumulation observed in this experi-
ment should have caused about a 6 atmosphere increase in 
osmotic potential , enough to explain the change in frost 
hardiness . Another possibility is that the amount of sugar 
is not important after a certain critical concentration is 
reached. Sugars may protect frost sensitive sites (Heber 
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and Santariu 1964, Heber et al. 1973, and Steponkus and 
Lanphear 196 7), and once enough sugar 1s present to pro-
v i de pro tect i on , n o f urther i ncreases in concentration 
ill improve frost hard ine s . Still another explanation 
may be that ucrose or other sugars re gulate gene activ-
ity hen they accumulate at lo temperatures. 
Sugars are kno to regulate gene expre s sion 1n bac-
te ia ( tanier et al . 1970) . t a critical concentration 
o e form of catabolite repression or derepression could 
occur ich auld regulate the metabol ic sequen ce for 
accli ation . The gene regulation explanation is supported 
b t e act that sugar ace mulation i s inde ed universal to 
all plant that acclimate . Fur the r, plants depleted in 
o ganic reserves do not acclimate at low temperatures in 
the ark . Lo temperatures al ays favor net photosynthe-
l t u allo ing accumulation quite readily. The clas-
sical starch reaction at low temperat ures also supports 
the theory and can explain how arm temperatures can cause 
dehardening by stimula t ion of starch synthesis resulting 
in soluble sugar concentration reduction. Steponkus 
(1971) has shown increase d f rost resistance by feeding 
plants ith a 50 mM sucrose solution, but not with a 1 to 
27 mM s ucrose con centration . Weston and Chin (1975) have 
hown regulation of invertase isozymes by sucrose concen-
tra tions in plants. Therefore, high sugar concentrations 
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may stimulate plant cold hardiness by allowing the tran-
scription of hardiness genes . If sugars regulate hardi-
ness genes as proposed , then accumulation would need to 
precede increa ed frost hardiness . Likewise, a decrease 
in sugar concentration auld precede dehardening . Sakai 
and o hida (1968) have demonstrated this exact response 
ln black locu t stems , thus providing experimental evi-
dence to support t is hypothesis . 
T is t dy a demonstrated that light is required 
or i al acclimation in citrus . The metabolism of 
t ate is altered by low t emperatures. Sugars 
accu late and appear to be associated ith increases 
1 fro t ardiness in citrus . 
SUMMARY 
' alencia ' orange seedlings accumulated sugars and 
increased their resistance to frost injury a£ter exposure 
to 10 C ith elve - hour photoperiods in controlled envi-
ron ent rooms . Sugar accumulation decreased, and cold 
accli ation was inhibited when photosynthes is was prevent-
ed covering the leaves ith tin foil. Frost resistance 
as clo ely correlated ith non-reducing sugar .concentra-
tion Reducing or total sugar con~entrations were not 
correlated ell ith citrus cold hardiness. 
cor oration of 14c into sugars and starches was 
gr ater at 10 C than at 25 C in leaves and stems. Label-
ing of amino acids, proteins , lipids and organic acids at 
10 C was less than at 25 C in leaves and stems. Incorpor-
ation of 14c in the various fractions of roots was similar 
at the t o temperatures . Autoradiographs of extracts from 
leave sho ed no different compounds were synthesized from 
photo ynthate during cold acclimation . 
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Appendix 1 . I ncorporation of 14c label into the maj or 
b iochemical fractions isolated f r om 25 C 
tissues of ' Valencia ' orange seedlings . 
Data ar e expr e ssed as (dpm/mg f r. wt . ) and 
as per cent of t he total radioactivity mea-
sur ed for eac h tis sue . 
Days Afte r Labeling 
Fraction 0 2 14 28 
d % dpm % dpm % dpm % 
Leaf Tissue 
S gar 584 . 2 76 . J 72 . 0 52 . 2 18 . 7 24 . 6 1 . 7 3. 8 
Starch 101 . 4 lJ . 2 11 . 2 8 .1 9 . 7 12 . 8 1 . 1 2.5 
Amino Cl 58 . 6 7 . 6 37 · 9 27 . 5 24 . 8 32 . 7 15 . 5 J4 . 8 
Organic cid J . 8 0 . 5 4 . J J.l s.o 6 . 6 J . 8 8 . 5 
Protein 7 . 9 1 . 0 4 . 7 3 . 4 8 . 7 11 . 5 1J . 6 J0 . 6 
Lipi 10 . 1 l . J ? . 9 5 · 7 9 . 0 11 . 9 8 . 8 19 . 8 
Stem Tissue 
Sugar 176 . 4 91 . 6 106 . 0 52 . 5 76 . 1 53 · 5 4 . 6 8 .7 
Starch 7 . 0 3 . 6 46 . 4 23 . 0 40 . 0 28 . 1 24 . 4 46 . 0 
Amino Acid 9 . 1 4. 7 33 · 5 16 . 6 22 . 0 15 . 5 10 . 9 20. 6 
Organic Acid 0 . 0 0 . 0 11 . 9 5· 9 2 . 4 1 . 7 4 .1 7 · 7 
Pro tein 0 . 0 0 . 0 3 . 1 1 . 5 1 . 0 0 . 7 4 . 9 9 . 2 
Lipi 0 . 0 0 . 0 1 . 0 0.5 0 . 7 0.5 4 .1 7 · 7 
(Cont i nue d) 
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Appendix 1 . (Continued) 
Days After Labeling 
Fraction 0 2 14 28 
dpm % dpm % dpm % dpm % 
Root Tissue 
Sugar 0 . 2 0 . 9 13 . 2 17 . 5 11 . 6 13. 6 4.2 7.3 
arch 21 . 0 90 . 9 43 .3 57 .4 41 . 0 48 .2 33· 5 57· 9 
Amino cid 0.7 3 . 0 7 . 2 9 · 5 19 . 8 23 . 3 5 .2 9. 0 
Organic cid 0. 0 0. 0 J . 6 4 .8 0. 4 0.5 3 .1 5 .4 
Protein 1 . 2 5 . 2 4 . 6 6 .1 4 . 0 4 . 7 4 . 6 7. 9 
Lipid 0.0 0. 0 3·5 4 . 6 8 . 3 9 .8 7 ·3 12. 6 
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Appendix 2 . Incorporation of 14c label into the major 
biochemical fractions isolated from 10 C 
tissues o£ 'Valencia ' orange seedlings . 
Data are expressed as (dpm/mg fr . wt . ) and 
as percent o£ the total radioactivity mea-
sured for each tissue . 
Davs After Labeling 
Fraction 0 2 14 28 
% dprn % dpm % dpm % 
Leaf Tissue 
Sugar 1044 . 7 87 . 9 180.2 44 . 4 55 . 5 JJ.5 17 . 6 lJ.5 
Stare 78 . 1 6 . 6 160 . 2 J9 . 4 56 . 1 JJ . 8 4J . O JJ.l 
1 0 Cl 51 . 9 4 4 44 . 8 11 . 0 28 . 9 17.4 J4 . 5 26.5 
0 anc cid 2.9 0 . 02 6 . 8 1 . 7 6 . 7 4 .0 5.9 4 .5 
Prote ·n J . J O. OJ 8 . 9 2 . 2 10.7 6 . 4 16.2 12.5 
Li id 7.9 0.07 5 . 2 l .J 8 .0 4.8 12.8 9.8 
Stem Tissue 
Sugar 125 . J 88 . 9 117 . 0 42 . 6 59 . 0 3.5 · 9 21.9 14.1 
Starch 10 . 0 7 . 1 102 . 0 37 l _54 . 6 33 ·3 7J .2 47.3 
Amino Aci 2 . 6 1 . 8 26 . 6 9 · 7 35 · 7 21 . 7 21.5 1J.9 
Organic Aci 2.5 1.8 20 . 7 7·.5 10.4 6 .3 21.0 13.6 
Protein 0 . 1 0 . 01 4 . 7 1.7 2 .0 1.2 8 .3 _5.4 
Lipid 0.5 0.04 3·8 1 . 4 2 . 5 1._5 8.9 5·7 
(Continued ) 
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Appendix 2 . (Continued) 
Days After Labeling 
Fraction 0 2 14 28 
d:Qm ~ d:Qm % dJ2m ~ dJ2m ~ 
Root Tissue 
s gar 4 . 4 21 . 0 15 . 0 1l . J 19 . 8 17 . 8 l1.J 8.8 
Starch 4 . 6 22 . 5 76 .8 58 . 0 58 . 0 52 . 0 74 .J 57.8 
. i o Acid 4 . 1 20 . 1 18 . 6 14 . 0 16 . 0 l4 . J 17 .J l J.5 
Organic ci 7 . 2 35 3 6 . 8 5 . 1 1 . 9 1 . 7 5. 0 J. 9 
Protein 0 . 0 0.0 9 · 9 7 .5 10 . 4 9 . J 11 . 7 9 .1 
Lipid 0.1 0 . 5 5 · 3 4 . 0 5 . 4 4 . 8 8 . 9 6 .9 
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